Introduction
The ATLAS [1] and CMS [2] collaborations have independently reported observations of a new boson compatible with the SM Higgs boson, using the 2011 and 2012 datasets collected until the end of June 2012 [3, 4] . More detailed measurements of this particle is necessary in order to check the compatibility with the Standard Model predictions, in particular the study of the several production modes. These production modes are, by decreasing order of cross-section production: gluon-gluon fusion (noted as ggF), vector boson fusion (VBF), associated production with a vector boson (V H) and associated production with a tt pair (ttH). The expected cross-sections for those four processes, for a center-of-mass energy of 8 TeV and a Higgs mass of 125 GeV are 44.5 fb, 3.6 fb, 2.5 fb and 0.9 fb respectively, when multiplied by the H → γγ branching ratio (2.28 × 10 −3 ). The addition of a category enriched in VBF events allows to improve the sensitivity of the Higgs boson search as well as giving tools to give a first estimate of the couplings of this new boson to fermions and bosons.
Event selection
The dataset used in this study is based on 4.8 fb At least two photons satisfying tight identification criteria based on the shapes of the EM showers are required. The transverse energies for the leading and subleading photons are required to be larger than 40 GeV and 30 GeV, respectively, and both need to be within the fiducial calorimeter region of pseudorapidity |η| < 2.37 (excluding the transition region between the barrel and the end-cap calorimeters, 1.37 < |η| < In addition to the identification criteria, both photons are also required to be isolated: the transverse energy sum of positive-energy topological clusters deposited in the calorimeter around each photon in a cone of ∆R 1 = 0.4, and is required to be less than 4 GeV. The resolution of the diphoton mass is dominated by the photon energy resolution.
The number of selected data events and expected signal events for m H = 125 GeV after the full selection is given in table 1.
Categorisation
The data is divided into 10 exclusive categories with different signal-to-background ratios and different invariant mass resolution. This increases the sensitivity of the search. The first nine categories are described in [5] and are based on the information of the η and conversion status of the photons, as well as the diphoton transverse momentum orthogonal to the diphoton thrust axis in the transverse plane (p Tt ). The use of the categories based on p Tt already gives a separation between VBF and ggF events, the former having larger p Tt values. The tenth category is based on jets and described in the following.
Definition of the 2-jet category
The definition of a VBF-enriched category (called "2-jet category") is based in the kinematic properties of the VBF for which two forward jets are produced. Jets are reconstructed from three-dimensional clusters of energy in the electromagnetic and hadronic calorimeters using the antik t [6] algorithm with a distance parameter of R = 0.4. Jets candidates are required to have a transverse momentum greater than 25 GeV, expect for the √ s = 8T eV data where the threshold is 30 GeV for 2.5 < |η| < 4.5.
This category collects events containing at least two jets with a pseudorapidity separation |∆η| larger than 2.8 and an invariant mass greater then 400 GeV. In addition, the azimuthal angle difference |∆ϕ| between the diphoton and the dijet systems is required to be larger than 2.6. Those variables are presented in figures 1 and 2 for VBF and ggF produced signal as well as background. One can see that those variables are used to distinguish between VBF and ggF as well as between VBF and background.
As those cuts, the fraction of VBF events in this category is of 76.7% and 68.4% for the √ s = 7 and 8 TeV respectively. Figure 3 shows the diphoton invariant mass (m γγ ) distribution in the "2-jet category" for the √ s = 7 and 8 TeV data events. For the √ s = 8 TeV processes, the signal-tobackground ratio in a window containing 90% of the signal is 0.22, which has to be compared to 0.03 in the inclusive case. This high signal-to-background ratio explains the increase of sensitivity due to this category. The mass resolution (FWHM) is this category is 3.7 GeV, similar to the one in the inclusive case (3.9 GeV).
Signal properties and uncertainties
The introduction of jets to define this category added uncertainties related to them. The main one comes from the perturbative uncertainty on the gluon fusion contribution to this category, and is found to be 25%. The production cross-section of a Higgs boson via gluon fusion associated with two jets is only know at the Next-to-Leading Order, and higher-order logarithmic contributions are presented in this limited region of phase space. This large uncertainty is fortunately compensated by the small contribution of ggF events in the category (22.5% and 30.4% for √ s = 7 TeV and 8 TeV respectively). The uncertainty due to the modelling of the underlying event is estimated by comparing different underlying event tunes in the simulation. For the 2 − jets category, a 30% uncertainty is assigned to the contribution from ggF, V H and ttH, and a 6% uncertainty is assigned to the contribution from VBF. The experimental uncertainties on the jet energy scale is evaluated by varying the scale corrections within their respective uncertainties. The uncertainty for the different classes of categories and different production processes amount to up to 19% for the "2-jet category".
Results
The statistical procedures used to test the background-only hypothesis takes the form of statistical tests of different hypothesized values of a strength parameter µ, defined as the ratio of the signal rate (cross section) being tested to that predicted by the SM. That is, µ = 0 is the background-only hypothesis and µ = 1 is the SM hypothesis. At fixed values of the Higgs boson mass m H , different values of µ are tested using a statistic based on the profile likelihood ratio. To quantify discovery significance, the p − value of the background-only hypothesis, p 0 , is reported and can be seen in figure 4 . Equivalently, this can be expressed using the discovery significance. By using an inclusive study, the expected (observed) significance is 1.9σ (3.5σ), whereas by using the 10 exclusive categories, the expected (observed) significance is 2.4σ (4.7σ). Adding a tenth category improves the expected significance by a few percents.
Higgs boson coupling properties
Because of a category sensitive to the VBF, it is possible to study the contributions from the different production modes, in order to assess any tension between the data and the ratios of the production cross-sections in the Standard Model. For each production mode, a signal strength is defined, which is defined by µ i = σ i /σ i,S M . Production modes have been grouped together: µ ggF with µ ttH as they scale with the ttH coupling, and µ V BF with µ V H as they scale with the WWH and ZZH couplings in the Standard Model. Constraints in the plane of µ ggF+ttH × B/B S M (where B is the branching ratio for H → γγ) and µ V BF+V H × B/B S M can be seen in figure 5, for m H = 126 GeV. The data are compatible with the Standard Model expectation at the 1.5σ level.
The coupling properties of the boson can be further studied by combining results from several decay channels: H → γγ, H → ZZ, H → WW, H → ττ, and H → bb [7] . The leading order (LO) motivated scale factors κ i are defined in such a way that the cross sections σ ii and the partial decay widths Γ ii associated with the SM particle i scale with the factor κ 2 i when compared to the corresponding SM prediction.
For example, among the production modes, κ
WH
, etc, and among the decay modes, κ
, etc.
The couplings to fermions and vector bosons are studied by assuming scale factors κ F for the couplings to all fermions and κ V for the couplings to all vector bosons:
By assuming that the total width of the Higgs boson is given by the sum of the known SM Higgs boson decay modes, the constraints in the κ F and κ V plane are given in . Fits for 2-parameter benchmark models probing different coupling strength scale factors for fermions and vector bosons; in this case the correlation of the coupling scale factors κ F and κ V , assuming no non-SM contribution to the total width [7] .
